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养 14 h 菌体生物量为 1.95 g/L，较优化前的 0.788 g/L 提高了 1.47 倍。将优化后的种子培养基
培养 14 h 后接入发酵培养基中培养 8 h 进行摇瓶发酵，得到菌体生物量 0.960 g/L 和 1,3-丙二
醇 5.68 g/L，较优化前的 0.744 g/L 和 5.42 g/L 分别提高了 29%和 4.8%，优化效果较为明显。   
在发酵培养基优化实验部分，采用均匀设计实验和人工神经网络耦合遗传算法寻优的方法
对培养基进行优化，使用优化后的发酵培养基在 5 L 发酵罐中分批培养 14 h 后，1,3-丙二醇浓
度为 33.0 g/L、转化率为 0.553 g/g、生产强度为 2.36 g/L/h，较优化前分别提高了 32.5 %、7.17 %
和 35.6 %。 
在分批发酵过程优化实验部分，首先通过单因素分批发酵实验确定适应菌体生长的温度、
pH 范围，然后应用均匀设计法进行两阶段分批发酵实验， 后利用人工神经网络耦合遗传算
法对发酵过程进行优化，使用 优发酵方案在 5 L 发酵罐中分批培养 14 h 后，甘油残余量为
4.9 g/L，与 37 ℃、pH 7 恒温恒 pH 分批发酵方案相比下降 56.6%。1,3-丙二醇产量、生产强度
分别为 32.5 g/L、2.32 g/L/h，与 37 ℃、pH 7.4 恒温恒 pH 分批发酵方案相比，虽然 1,3-PD 产
量未提升但生产强度提高了 1.46 倍，充分体现了两阶段分批发酵优势。 
 



















1,3-propanediol(1,3-PD) is an important chemical product which is used not only as solvent and 
cryoprotectcont, but also as a monomer for producing polymers with special properties, such as 
polyesters, polyethers and polyurethanes, which is its uppermost useness. Presently, 1,3-PD is mainly 
produced by chemical routes，which consume unrenewable feedstock and pollute the environment. 
Bioconversion is particularly attractive in that it typically uses renewable feedstock and does not 
generate toxic byproducts. 1,3-PD can be produced by Clostridium butyricum from glycerol. 
However, it is too expensive to utilize pure glycerol which was used as the substrate in most reported 
studies. The cost can be reduced if the raw glycerol, byproduct of bio-diesel, is used as the substrate 
to produce 1,3-PD. In this paper, raw glycerol was used as the substrate to produce 1,3- propanediol 
by Clostridium butyricum, in order to find a route to produce 1,3-PD with low cost and high 
productivity by process modeling and optimization. The studies in this research are as follows:seed 
culture medium optimization, fermentation medium optimization, batch fermentation process 
optimization.  
In experiment of seed culture medium optimization, first one-factor experimental design was 
used to find out the most suitable carbon source and nitrogen source, then orthogonal experimental 
design, most steep hill-climbing experimental design, central composite experimental design were 
applied to optimize seed culture medium to enhance biomass of Clostridium butyricum. When the 
Clostridium butyricum was cultivated used the optimized seed culture medium for 14 h in anaerobic 
bottle, the biomass was 1.95 g/L，which was 1.47 times higher than in the initial seed culture medium. 
Based on this, the biomass and 1,3-PD production were 0.960 g/L and 5.68 g/L in anaerobic bottle 
for 8 h in the initial fermentation medium, which were 29% and 4.8% highter than used the initial 
seed culture medium.  
In experiment of fermentation medium optimization, uniform design and artificial neural 
network linked genetic algorithm were applied to optimize 1,3-propanediol fermentation medium to 
enhance 1,3-propanediol production by Clostridium butyricum VPI 1718. When the Clostridium 
butyricum was cultivated in the optimized fermentation medium for 14 h in 5 L fermentor, the 

















were 32.5 %, 7.17 % and 35.6 % highter than in the initial fermentation medium.  
In experiment of batch fermentation process optimization, first one-factor experimental design 
was used to find out the suitable range of temperature and pH, then uniform design and artificial 
neural network linked genetic algorithm were applied to optimize fermentation process to enhance 
1,3-propanediol production. When the Clostridium butyricum was cultivated by the optimized 
fermentation process for 14 h in 5 L fermentor, the residual glycerol was 4.90 g/L, which was 56.6% 
lower than the one stage batch fermentation(37 ℃, pH 7) , the 1,3-propanediol concentration was 
32.5 g/L which was the same as the one stage batch fermentation(37 ℃, pH 7.4),but 1,3-propanediol 
productivity was  2.32 g/L/h which was 1.46 times higher than it. The results of experiments 
indicated that the optimized fermentation process would be benefitial to 1,3-PD production than that 
of others.  
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1,3-丙二醇是一种无色无味透明的液体，略有刺激性气味，相对密度为 1.053 g/cm3，熔点-27 ℃，






































化学法生产 1,3-PD 主要有以下三种方法： 
（1）丙烯醛水合、氢化制备 1,3-PD 
这种方法已获专利的有德国的 Degussa 公司[4,5]和 Hoechst 公司[6]，所用原料是丙烯醛。合













乙烷羰基化制备 3-HPA 时就有相当数量的 1,3-PD 生成，但反应效率和 3-HPA 的选择性都不高。 
（3）以甲醛为原料制备 1,3-PD 
印度申请了以甲醛为原料制备 1,3-PD 的专利[11]，这种方法的过程是将甲醛和乙醛用 KOH
























程度低的生物法生产 1,3-PD 得到人们的高度重视。 
1.3.2 生物合成 
美国 DuPont 公司与 Genencor 公司联合开发基因工程菌，以葡萄糖为原料一步发酵生产
1,3-PD，并申请了美国专利[12]。以德国国家生物技术中心为代表的欧洲国家则积极地开展以甘
油为底物，通过细菌发酵生产 1,3-PD 的研究工作，甘油转化率达 50%以上，1,3-PD 的终浓度
达 70 g/L 左右 [1,13]。 
目前，国内有方柏山[14]、刘德华[15]、修志龙[16]、宫横[17]、夏黎明[18]、何冰芳[19]等开展了






1.4 生物合成法生产 1,3-丙二醇现状 
1.4.1 发酵甘油物生产 1,3-丙二醇 
1.4.4.1 发酵甘油生产 1,3-丙二醇的菌种 
甘油发酵转化生产 1,3-PD 早在 1881 年 Fzeund 就提出了，但近一个世纪都不被重视[1]。20
世纪 80 年代随着 1,3-PD 应用开发的深入，尤其是开发出较高工业价值的 PTT 之后，甘油发
酵生产 1,3-PD 受到普遍的重视。 
现已发现几种能以甘油为底物发酵生产 1,3-PD 的菌种，但还没有发现可利用其他有机物，


















图 1-1 用于发酵生产 1,3-PD 的野生菌株分类图[21] 







来越受到重视。不同菌种发酵纯甘油产 1,3-PD 的生产能力见表 1-1[22]。 
 
表 1-1 不同菌种发酵甘油产 1,3-PD 的能力对比 







Product conversion yield (mol/mol glycerol) 
1,3-PD Acetate Butyrate Lactate Succinate Formate Ethanol
K. pneumonia 100 55 0.55 0.12 0.0 0.12 0.01 0.12 0.06 
C. freundii 100 90 0.54 0.11 0.0 0.15 0.03 0.07 0.04 
E. agglomerans 56 26 0.56 0.16 0.0 0.08 0.02 0.16 0.02 
C. butyricum 100 28 0.64 0.07 0.1 0 0 0 0 
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